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CDTE DEVICES AND METHOD OF
MANUFACTURING SAME

CROSS REFERENCE

This application claims priority from U.S. Provisional
Patent Application No. 61/499,063, filed on Jun. 20, 2011,
entitled “Improved CdTe Devices and Methods of Manufac-
turing Same,” and U.S. Provisional Patent Application No.
61/641,802, filed May 2, 2012, entitled “Improvement of
CdTe Photovoltaic Device Performance by Back Contact
Enhancements,” the contents of both are incorporated herein
by reference.

CONTRACTUAL ORIGIN

This invention was made with government support under
Contract No. DE-AC36-08G0O28308 between the United
States Department of Energy and the Alliance for Sustainable
Energy, LL.C, the Manager and Operator of the National
Renewable Energy Laboratory.

TECHNICAL FIELD

The present disclosure relates to methods of producing
CdTe semiconductor devices with enhanced functional quali-
ties. In particular, the present disclosure relates to methods of
producing polycrystalline p-doped CdTe thin films for use in
CdTe solar cells in which the CdTe thin films possess
enhanced acceptor densities and minority carrier lifetimes,
resulting in enhanced efficiency of the solar cells containing
the CdTe material.

BACKGROUND

Cadmium telluride (CdTe) is a semiconductor material that
has been used in both its crystalline and (thin-film) polycrys-
talline forms for optoelectronic applications. CdTe is highly
effective at converting terrestrial sunlight into electrical
power by virtue of its bandgap energy of about 1.5 eV at room
temperature. In addition, CdTe is transparent to infrared light
ranging in wavelength from about 860 nm to greater than
about 20 pm. As a result, very thin layers of CdTe of about 1
um thickness may be incorporated into the construction of
efficient photovoltaic (PV) devices. CdTe thin-film PV mod-
ules are widely recognized as an attractive option for large-
scale renewable electricity production.

Commercial-scale CdTe solar cell fabrication processes
presently deposit and cure polycrystalline CdTe using sub-
stantially similar processes. Historically, at least several pro-
cess enhancements have been incorporated into these com-
mercial-scale polycrystalline CdTe production methods to
mitigate performance shortcomings of the deposited poly-
crystalline CdTe layer related to various material defects.
These process enhancements may include: adding or not
actively eliminating oxygen during CdTe deposition; per-
forming a CdCl, and/or oxygen “activation” process to the
deposited CdTe layer; and diffusing Cu into the deposited
CdTe layer from the back contact.

Although these process enhancements may reduce the det-
rimental effect of material defects such as Te vacancy defects
(V 1), other deep-donor and deep-acceptor defects may be
formed that may limit minority carrier lifetime (t) within the
CdTe layer. Because these t-limiting deep donor and deep-
acceptor defects are relatively stable, it may be challenging to
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2

lengthen the carrier minority lifetime of polycrystalline CdTe
material beyond those of existing materials produced using
current production methods.

Although many commercially-available CdTe PV modules
provide average conversion efficiency of about 12%-13% at a
relatively low production cost, the bandgap value of CdTe
predicts that even higher conversion efficiencies may be
achieved. Most ongoing efforts to enhance device perfor-
mance above the record device efficiency of 17% involve
device design improvements that aim to mitigate materials-
based shortcomings of the CdTe absorber layer and the n-p
junction. The quality of the n-p junction, typically assessed in
terms of'V ,_, the open circuit voltage of the device, is thought
to be one key to realizing higher-performing CdTe PV mod-
ules. Efforts to enhance V. generally entail increasing the net
acceptor concentration in the CdTe layer and the inclusion of
an intrinsic CdTe layer situated between the n and p layers of
the junction of the solar cell.

Increasing the net acceptor doping in CdTe has been con-
sidered as one means of increasing V.. Elevated V__ for PV
devices may occur when the net-donor (N,) and net-acceptor
(N,) densities are increased on the n and p side of the semi-
conductor junction, respectively. Without being limited to
any particular theory, it is believed that N, may be increased
from typical thin-film values of about mid-10"* cm™> to val-
ues of about 10> cm™ before self-compensation limits fur-
ther increases in N ,. Cu diffused into the CdTe layer from the
back contact of a superstrate device design has been found to
enhance the performance of CdS/CdTe cells in one approach.
Although this “excessive” Cu diffusion into the CdTe layer
may increase N, above that typically used for existing CdS/
CdTe devices, a concurrent increase in device performance
may not be observed because the Cu may also diffuse into the
CdS layer, which may reduce net donor densities (N,,). In
addition, this increase in N, may narrow the depletion width
(W p)inthe device so that it becomes situated shallower in the
device than the optical-absorption depth. Further, because
minority-carrier lifetime for electrons in polycrystalline
CdTe is relatively short (=2 ns), the diffusion length for
minority carriers generated outside W, may be too short to
provide effective collection, further impacting device perfor-
mance. Because the W, reduces even further in forward bias,
the device fill factor (FF) may decrease due to voltage-depen-
dant collection, which may offset any performance improve-
ment from higher V. Thus, increasing V. solely by increas-
ing N, may not improve device performance unless T of the
p-CdTe layer is also increased.

An alternative method considered to increase V. may be to
incorporate an intrinsic layer of CdTe (i-CdTe) between the
thin n and p layers of the junction, resulting in an n-i-p device
design. Although the T of thin-film p-CdTe may be on the
order of about 1-2 ns, the Tt of thin-film i-CdTe produced using
existing methods may be less than about 0.1 ns. Therefore,
photogenerated carriers in the i-CdTe may recombine before
the electric field can drift them to their respective n- or p-type
layer for collection. Thus, increasing V__ by using an n-i-p
device design may not produce higher device performance
unless the T in the i-CdTe is also increased.

Ongoing efforts to enhance the V. in existing CdTe PV
modules may be limited by the relatively short minority car-
rier lifetime T in the polycrystalline p-CdTe and i-CdTe mate-
rials produced using existing methods. The minority carrier
lifetime in crystalline CdTe may be significantly longer than
that observed in existing polycrystalline CdTe thin films,
indicating that the short t associated with polycrystalline
CdTe produced using current methods may not be an intrinsic
material property of CdTe, but more likely may be due to
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defects related to the nature of the thin-film polycrystalline
material and/or production process conditions. Considering
both the benefits and detriments of existing CdTe production
and post-deposition enhancement processes, it may be ben-
eficial to develop novel processes to produce a polycrystalline
CdTe film with fewer vacancy defects such as V., or V,,
which may simultaneously increase V. and minority carrier
lifetime, rather than reducing the detrimental effects of these
defects using existing production methods which reduce
minority carrier lifetime.

Therefore, there is a need for an improvement of the pro-
cesses used to deposit polycrystalline CdTe absorber material
on a substrate which simultaneously increases V. and minor-
ity carrier lifetime and which results in improved CdTe device
performance. The foregoing examples of the related art and
limitations related therewith are intended to be illustrative
and not exclusive. Other limitations of the related art will
become apparent to those of skill in the art upon a reading of
the specification and a study of the drawings.

SUMMARY

The following embodiments and aspects thereof are
described and illustrated in conjunction with systems, tools
and methods which are meant to be exemplary and illustra-
tive, not limiting in scope. In various embodiments, one or
more of the above-described problems have been reduced or
eliminated, while other embodiments are directed to other
improvements.

Aspects of the present disclosure provide a method of
depositing a layer of a material composed of polycrystalline
CdTe onto a substrate. This method includes providing to a
deposition process a source material that includes an amount
of Cd and an amount of Te in a non-stoichiometric ratio. The
non-stoichiometric ratio consists of either a Cd-rich ratio
having a larger atomic percentage of Cd relative to the atomic
percentage of Te, or a Te-rich ratio having a larger atomic
percentage of Te relative to the atomic percentage of Cd.

Other aspects further provide a method of depositing a
layer of a material composed of polycrystalline CdTe and at
least one additional element incorporated into a crystalline
lattice of the polycrystalline CdTe onto a substrate. This
method includes providing to a deposition process a source
material that includes an amount of Cd and an amount of Te in
a non-stoichiometric ratio and an amount of the at least one
additional element. The non-stoichiometric ratio consists of
either a Cd-rich ratio having a larger atomic percentage of Cd
relative to the atomic percentage of Te, or a Te-rich ratio
having a larger atomic percentage of Te relative to the atomic
percentage of Cd. In addition, the additional element may be
chosen from an acceptor dopant, a donor dopant, an isoelec-
tronic dopant, and any combination thereof.

Additional aspects further provide a method of forming an
ohmic contact on an exposed surface of a polycrystalline
CdTe layer. This method includes providing to a deposition
process a source material that includes an amount of Cd and
an amount of Te in a non-stoichiometric ratio and an amount
of'the at least one additional element. The non-stoichiometric
ratio consists of either a Cd-rich ratio having a larger atomic
percentage of Cd relative to the atomic percentage of Te, or a
Te-rich ratio having a larger atomic percentage of Te relative
to the atomic percentage of Cd. In addition, the additional
element may be chosen from an acceptor dopant, a donor
dopant, an isoelectronic dopant, and any combination thereof.
The method further includes depositing a contact layer onto
the exposed surface.
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The method of producing a polycrystalline CdTe layer
overcomes many of the limitations of previous fabrication
methods. The use of non-stoichiometric ratios of Cd and Te
reduce many recombination-related defects, thereby enhanc-
ing the minority carrier lifetime to a value of over 10 ns.
Further, the polycrystalline CdTe material resulting from
aspects of this method further includes a crystal lattice struc-
ture that is energetically receptive for the incorporation of
additional elements such as acceptor dopants and donor
dopants with minimal impact on the minority carrier lifetime.
The simultaneous achievement of relatively high minority
carrier lifetime and relatively high net acceptor or donor
concentration within the polycrystalline CdTe material
results in the enhancement of the efficiency of devices such as
photovoltaic cells that incorporate these CdTe materials.

In addition to the exemplary aspects and embodiments
described above, further aspects and embodiments will
become apparent by reference to the drawings and by study of
the following descriptions.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments are illustrated in referenced fig-
ures of the drawings. It is intended that the embodiments and
figures disclosed herein are to be considered illustrative rather
than limiting.

FIG. 1 is a schematic diagram of a polycrystalline CdTe
photovoltaic cell with a p-n design.

FIG. 2 is a schematic diagram of a polycrystalline CdTe
photovoltaic cell with a p-i-n design.

FIG. 3 is a graph summarizing depletion width as a func-
tion of open circuit voltage for PV cells made using three
CdTe source compositions.

FIG. 4 is a graph summarizing net acceptor density at zero
bias as a function of open circuit voltage for PV cells made
using three CdTe source compositions.

FIG. 5 is a graph summarizing open circuit voltage for PV
cells made using three CdTe source compositions.

FIG. 6 is a graph summarizing current density for PV cells
made using three CdTe source compositions.

FIG. 7 a graph summarizing the fill factor for PV cells
made using three CdTe source compositions.

FIG. 8 is a graph summarizing the collection efficiency for
PV cells made using three CdTe source compositions.

FIG. 9 is a graph summarizing the light current voltage
measurements for photovoltaic devices exposed to varying
concentrations of Te during the ohmic contact fabrication
process.

FIG. 10 is a graph summarizing net acceptor density as a
function of depletion width for photovoltaic devices exposed
to varying concentrations of Te during the ohmic contact
fabrication process.

FIG. 11 is a graph summarizing LPTL spectra of photo-
voltaic devices exposed to varying concentrations of Te dur-
ing the ohmic contact fabrication process.

Corresponding reference characters and labels indicate
corresponding elements among the view of the drawings. The
headings used in the figures should not be interpreted to limit
the scope of the claims.

DETAILED DESCRIPTION

In an aspect, a method of depositing a layer of a material
composed of polycrystalline CdTe onto a substrate is pro-
vided that overcomes many of the limitations of previous
polycrystalline CdTe production methods. In this aspect, this
method includes providing to a deposition process one or
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more source materials that includes an amount of Cd and an
amount of Te in a non-stoichiometric ratio consisting of either
a Cd-rich ratio or a Te-rich ratio. This imbalance between the
Cd and Te concentrations provided to the deposition process
in this aspect may result in a polycrystalline material with one
or more benefits over polycrystalline CdTe produced using
existing methods including, but not limited to, the simulta-
neous enhancement of acceptor density and minority carrier
lifetime, as described in detail herein below.

Further, the lattice structure of the polycrystalline material
produced using this method may energetically favor the
incorporation of additional elements, included in the source
material, at particular locations within the CdTe lattice, such
as at Cd vacancies or at Te vacancies, as the lattice is formed.
The additional elements incorporated into the CdTe lattice
may include donor dopants and acceptor dopants. For
example, an acceptor dopant may be incorporated into the
CdTe polycrystalline layer produced using this method to
produce a p-doped CdTe polycrystalline layer.

The polycrystalline CdTe materials produced using vari-
ous aspects of the method may facilitate the formation of
ohmic contacts on the exposed surface of the CdTe layer of a
CdTe photovoltaic device. In particular, p-doped or n-doped
CdTe materials may be particularly amenable to the construc-
tion of relatively low-resistance ohmic contacts as described
in detail herein below.

The materials and ohmic contacts described herein may be
incorporated into a polycrystalline CdTe photovoltaic device
without limitation as to design. A p-n photovoltaic device 100
in one aspect is illustrated in FIG. 1. The photovoltaic device
may include a glass superstrate 102 upon which a front con-
tact 104, typically formed as a layer of a transparent conduc-
tive oxide (TCO) is deposited. The front contact may be
electrically connected to an anode 106. A buffer layer 108
may also be formed on the front contact 104 to reduce the
resistance of the front contact 104. An n-doped CdS layer 110
may be deposited on the buffer layer 108, and a p-doped CdTe
layer 112 may be deposited onto the n-doped CdS layer 110,
forming a p-n junction. A back contact 114 may be deposited
into the p-doped CdTe layer 112; the back contact 114 may be
electrically connected to a cathode 116. At the p-n junction,
the adjoining donors and acceptors within the n-doped CdS
layer 110 and the p-doped CdTe layer 112 may combine,
resulting in a depletion region having a depletion width 118,
within which there are relatively few mobile charge carriers.
A p-i-n photovoltaic device 100A in another aspect is illus-
trated in FIG. 2. In addition to the layers 102, 104, 108, 110,
112, and 114 described previously in connection with the p-n
photovoltaic device 100, the p-i-n photovoltaic device 100A
further includes an intrinsic CdTe layer 202 situated between
the n-doped CdS layer 108 and the p-doped CdTe layer 110.
Other aspects may include substrate or superstrate devices,
devices including continuous and/or discontinuous layers or
films, and any other design known in the art.

Methods of depositing a layer of a material composed of
polycrystalline CdTe onto a substrate, methods of depositing
a layer of a material composed of polycrystalline CdTe with
at least one additional element incorporated into the CdTe
lattice, and methods of forming ohmic contacts on a CdTe
layer are described in detail herein below.

1. Methods of Depositing Polycrystalline CdTe

A method of depositing a layer of a material including
polycrystalline CdTe onto a substrate is provided in an aspect.
In this aspect, the method includes providing a source mate-
rial including an amount of Cd and an amount of Te to a
deposition process in a non-stoichiometric ratio consisting of
either a Cd-rich ratio or a Te-rich ratio. The resulting poly-
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6

crystalline CdTe may have a minority carrier lifetime of at
least about 10 ns in this aspect.

Various aspects of the method may result in an overall
reduction in defects within the crystal lattice structure of the
polycrystalline CdTe that in turn may enhance the minority
carrier lifetime. Without being limited to any particular
theory, the excess of Cd or Te associated with the non-sto-
ichiometric ratio of Cd:Te in the source material is thought to
result in a corresponding excess of Cd or Te in the resulting
polycrystalline CdTe layer deposited in the substrate. The
excess Cd or Te in the polycrystalline CdTe layer may pre-
dominantly reside within the interfacial regions of the poly-
crystalline materials. The excess Cd or Te within the interfa-
cial regions may influence the lattice composition and
properties within the crystalline regions of the polycrystalline
CdTe layer. For example, an excess of Te in the interfacial
regions of a polycrystalline CdTe layer may result in an
inhibition of the formation of Te void defects (V ;) within the
material, thereby reducing the overall defects in the polycrys-
talline CdTe material; the elimination of these defects may be
associated with the enhancement of minority carrier lifetime.

In addition, the polycrystalline CdTe material produced by
various aspects of the method may energetically favor the
incorporation of one or more additional elements at specific
lattice points within the material. Returning to the previous
example, an excess of Te in the interfacial regions, and the
associated inhibition of the formation of V ,, defects results in
a relative abundance of Cd void defects (V). This relative
abundance of V-, defects may energetically favor the incor-
poration of at least one element into the CdTe material by
substitution into a Cd void defect. If Cu is the element to be
incorporated, for example, the material may energetically
favor a Cu, substitution of Cu into the Te void defect over
other Cu incorporations such as an interstitial substitution of
Cu (Cu,). Further description of the incorporation of various
elements into the CdTe crystal lattice in various aspects of the
method is provided herein below.

a. Polycrystalline CdTe

In various aspects, a polycrystalline CdTe layer may be
deposited on a substrate. In general, crystalline CdTe is a
binary, single-phase, semiconducting material that exists as a
zincblende-type crystal lattice having a Cd: Te stoichiometric
ratio of essentially 50:50. However, according to known
phase diagrams of crystalline CdTe, the crystalline material
may sustain a deficiency of Cd or Te in the lattice. The lattice
may sustain a Cd deficiency (i.e., Cd void defects V) up to
a defect density of about 14x10'7 ¢m™ (corresponding to
about 0.014 atomic % ofthe material) and a Te deficiency (i.e.
Te void defects V) up to a defect density of about 5x10*7
cm™> (corresponding to about 0.005 atomic % of the material)
before the Te and/or Cd deficiencies will spontaneously pro-
duce separate Cd or Te metallic phases. Although this per-
centage of Cd or Te deficiency is relatively small, it represents
a defect concentration that may significantly impact the elec-
trical properties of the CdTe material.

Much of the present understanding of how the Cd:Te sto-
ichiometric ratio affects the electrical properties of CdTe may
stem primarily from previous studies involving single-crystal
CdTe materials. Although many physical, chemical, and elec-
trical attributes of single-crystal and polycrystalline thin films
may be similar, the grain boundaries within polycrystalline
CdTe may further influence these attributes in a manner not
observed in single crystal CdTe material. For example, when
the growing surface of a single-crystal CdTe layer is deficient
in Cd or Te, layer growth will slow to adjust to the availability
of each element. By way of contrast, during the growth of a
polycrystalline CdTe layer, grains that are deficient in Te or
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Cd may coalesce, thereby tolerating much higher stoichio-
metric variation ranges than might be inferred from the
growth of single-crystal CdTe materials.

In an aspect, a single-phase homogeneous region of CdTe,
corresponding to a local crystal region within the polycrys-
talline CdTe material, may possess a Cd: Te atomic ratio rang-
ing from about 50.005/49.995 (“Cd-rich stoichiometry”) to
about 49.986/50.014 (“Te-rich stoichiometry”). The range of
Cd:Te atomic ratios within a single-phase homogeneous
region may be influenced by one or more factors including,
but not limited to, temperature, the formation of single-ele-
ment metal phases, and the degree of doping and/or other
impurities within the CdTe crystal lattice. The Cd-rich sto-
ichiometry may represent the maximum atomic ratio at which
a CdTe lattice may resist the formation of a Cd metal phase.
Similarly, the Te-rich stoichiometry may represent the maxi-
mum atomic ratio at which a CdTe lattice may resist the
formation of Te metal phase. In addition, higher crystal lattice
temperatures may result in a higher range of off-stoichiomet-
ric atomic ratios.

In another aspect, the method used to produce the poly-
crystalline CdTe material inhibits the formation of recombi-
nation-related defects that may reduce the minority carrier
lifetime within the material. In one aspect, the density of
recombination-related defects within an undoped polycrys-
talline CdTe material may be less than about 10*>/cm?. In
another aspect, the density of recombination-related defects
within an undoped polycrystalline CdTe material may be less
than about 10'*/cm?. In another aspect, the density of recom-
bination-related defects within an undoped polycrystalline
CdTe material may be less than about 10"*/cm’.

In yet another aspect, the CdTe layer may have a minority
carrier lifetime (t) of greater than about 10 ns. In other
aspects, T may range from about 5 ns to about 10 ns, from
about 9 ns to about 12 ns, from about 11 ns to about 15 ns,
from about 14 ns to about 20 ns, and from about 19 ns to about
25 ns.

In an aspect, the polycrystalline CdTe layer may be depos-
ited to a layer thickness ranging from about 0.5 um to about 25
um thick. In other aspects, the polycrystalline CdTe layer may
be deposited to alayer thickness ranging from about 0.5 pm to
about 2 um thick, from about 1 pm to about 3 pum thick, from
about 2 pm to about 4 um thick, from about 3 pm to about 5 um
thick, from about 4 um to about 8 um thick, from about 5 pm
to about 10 pum thick, from about 8 um to about 15 um thick,
from about 10 um to about 20 um thick, and from about 15 um
to about 25 pm thick.

The polycrystalline CdTe material may form partofa CdTe
photovoltaic cell or other semiconductor device as a thin
layer. As such, the CdTe may be n-doped, isoelectronic, or
p-doped, depending on the function of the CdTe layer within
the PV cell or other device. Aspects of the method related to
the production of doped polycrystalline CdTe materials are
described in further detail herein below.

b. Substrate

The CdTe layer may be deposited on any known suitable
substrate including, but not limited to, glass, CdS, CdS:O, or
any other substrate known in the art. The glass material may
include, but is not limited to, aluminosilicate, borosilicate,
soda lime glass, or any other glass. In an aspect, the substrate
may range from about 1 mm thick to about 10 mm thick. In
other aspects the glass thickness may range from about 1 mm
to about 3 mm, from about 2 mm to about 4 mm, from about
3 mm to about 5 mm, from about 4 mm to about 6 mm, from
about 5 mm to about 7 mm, from about 6 mm to about 8 mm,
from about 7 mm to about 9 mm, and from about 8 mm to
about 10 mm.
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In another aspect, the CdS:O or CdS layers may be depos-
ited by chemical bath deposition, high-vacuum evaporation at
about 200° C., vapor-transport deposition (VID), close-
spaced sublimation (CSS), or any other method of deposition
known in the art. In an aspect, the CdS layer may be deposited
on a bi-layer SnO,/glass substrate. The CdS layer may be
about 0.3 um thick in one aspect.

c. Source Material

In various methods, a source material that includes an
amount of Cd and an amount of Te in a non-stoichiometric
ratio may be provided to a deposition process to deposit the
layer of polycrystalline CdTe on the substrate. The non-sto-
ichiometric ratio may include a Cd-rich ratio having a larger
atomic percentage of Cd relative to the atomic percentage of
Te. Alternatively, the non-stoichiometric ratio may include a
Te-rich ratio having a larger atomic percentage of Te relative
to the atomic percentage of Cd.

In yet another aspect, the CdTe source material may have a
structure and/or stoichiometry that may yield excess Te or Cd
or may increase the active incorporation of particular
dopants. In an aspect, Cd may be delivered from the source
material to the substrate at an atomic percentage of Cd up to
about 10 times the atomic percentage of the Te. In another
aspect, Te may be delivered from the source material to the
substrate at an atomic percentage of Te up to about 10 times
the atomic percentage of the Cd. In yet another aspect, the
atomic concentration of Te may be at least 5% higher than the
atomic concentration of Cd in the source material.

The CdTe source material may be in any form known in the
art, including, but not limited to, solid, vapor, or solution
forms. In a solid form, the source material may be in the form
of a powder, discrete particles, chunks, or any combination
thereof. The form of source material used may depend on the
deposition method used for depositing the CdTe layer.

The source material may be a single CdTe compound, or
the source material may include Cd in a separate compound
from Te. Any known Cd, Te, and/or CdTe compound may be
used as a source material. In one aspect, the source material is
selected to be compatible with the selected deposition
method. In another aspect, the source material may be single-
crystal and/or polycrystalline CdTe in a powder or granular
form. In this aspect, the polycrystalline CdTe material may
possess a Cd:Te atomic ratio ranging from about 50.005:
49.995 (“Cd-rich stoichiometry”) to about 49.986:50.014
(“Te-rich stoichiometry”). In yet another aspect, the source
material may include excess Cd or Te in an excess amount of
about 40 ppm.

In an aspect, the source material may include one or more
unintentional impurities resulting from their fabrication.
These impurities may be incorporated into the polycrystalline
CdTe material during the deposition of the CdTe layer. In one
aspect, if the source material is a powder or granular form of
a polycrystalline CdTe material, the impurities may be
included in the source material at a concentration ranging
from about 10"*/cm? to about 10"7/cm?>. In another aspect, the
impurities may represent potential acceptor impurities and
potential donor impurities. Potential acceptor impurities may
include those that replace Cd in the CdTe lattice including, but
not limited to: Li, Na, K, Rb (referred to herein as Group 1A
impurities) and Cu, Ag, and Au (referred to herein as Group
1B impurities). Potential acceptor impurities may further
include those that replace Te in the CdTe lattice including, but
not limited to: V, Nb, and Ta (referred to herein as Group SA
impurities) and N, P, As, Sh, and Bi (referred to herein as
Group 5B impurities). Potential donor impurities may
include those that replace Cd in the CdTe lattice including, but
not limited to: Sc, Y, and La (referred to herein as Group 3A
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impurities) and B, Al, Ga, and In (referred to herein as Group
3B impurities). Potential donor impurities may include those
that replace Te in the CdTe lattice including, but not limited
to: Mn, Tc (referred to herein as Group 7A impurities) and F,
Cl, Br, and I (referred to herein as Group 7B impurities).
Non-limiting examples of potential isoelectronic impurities
include Be, Mg, Ca, Sr, Ba (referred to herein as Group 2A
impurities), Cr, Mo, W (referred to herein as Group 6 A impu-
rities), Zn, Hg (referred to herein as Group 2B impurities),
and O, S, and Se (referred to herein as Group 6B impurities).

The density of lattice sites within the CdTe crystal lattice

may be about 10°%/cm>. An impurity of 10'*/cm? in the CdTe
crystal lattice represents an impurity of 1 part per billion. The
advertised purity of the commercial-grade CdTe source mate-
rial may range from about 99.999% to about 99.9999%*. The
99.999% pure source material may have 0.001% impurities,
corresponding to an impurity of about 10'7/cm®. The
99.9999%" pure source material may have less than 0.0001%
impurities, corresponding to an impurity of less than 105/
cm’.
In addition to the impurities, the source material may
include at least one additional impurity intentionally incor-
porated as an acceptor dopant, a donor dopant, an isoelec-
tronic dopant, and any combination thereof. Non-limiting
examples of acceptor dopants include the Group 1A, 1B, SA
and 5B impurities described herein previously. Non-limiting
examples of donor dopants include the Group 3A, 3B, 7A,
and 7B impurities described herein previously. Non-limiting
examples of potential isoelectronic dopants include the
Group 2A, 6A, 2B, and 6B impurities described herein pre-
viously.

The one or more additional impurities may be included in
the source material to produce a net acceptor (N,) or net
donor (N,) density concentration ranging from about 1x10"*
cm™ to about 1x10*° cm™ in an embodiment. In other
embodiments, one or more additional impurities may be
included in the source material to produce a net acceptor (N )
or net donor (N,) density concentration ranging from about
1x10™ cm™ to about 1x10'% cm™3, from about 1x10"° cm™
to about 1x10'7 cm™3, from about 1x10'¢ cm™ to about
1x10*® cm™, from about 1x10'7 cm™ to about 1x10' cm™3,
and from about 1x10'® cm™ to about 1x10?° cm~>. Without
being limited to any particular theory, the one or more addi-
tional impurities may be incorporated into the polycrystalline
CdTe material independently of the concentration of the addi-
tional impurities in the source material. For example, the
incorporation of an additional impurity may be limited by the
availability of substitution sites within the crystal lattice of
the polycrystalline CdTe material.

Typically, an additional impurity may be incorporated into
the polycrystalline CdTe material by a substitution into a void
defect in the crystal lattice; such substitutions typically result
in a relatively shallow donor or acceptor defect, which
enhance overall device performance. As discussed herein pre-
viously, the use of a source material having a Cd-rich ratio or
a Te-richratio may resultin a polycrystalline CdTe material in
which the incorporation of an impurity into a Te void defect or
a Cd void defect, respectively, are favored energetically.

In another aspect, the additional impurity that is incorpo-
rated into the polycrystalline CdTe material by substitution
into a Cd void defect may be added to a source material with
a Te-rich ratio. Non-limiting examples of additional impuri-
ties incorporated as acceptors into the polycrystalline CdTe
material by substitution into a Cd void defect include the
Group 1A and 1B elements. Non-limiting examples of addi-
tional impurities incorporated as donors into the polycrystal-
line CdTe material by substitution into a Cd void defect
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include the Group 3A and 3B elements. In an additional
aspect, the additional impurity that is incorporated into the
polycrystalline CdTe material by substitution into a Te void
defect may be added to a source material with a Cd-rich ratio.
Non-limiting examples of impurities incorporated as accep-
tors into the polycrystalline CdTe material by substitution
into a Te void defect include the Group SA and 5B elements.
Non-limiting examples of impurities incorporated as donors
into the polycrystalline CdTe material by substitution into a
Te void defect include the Group 7A and 7B elements.

d. Deposition Process

In an aspect, the polycrystalline CdTe material is deposited
by providing to a deposition process a source material as
described previously herein. In another aspect, the deposition
process, or post-deposition process, may be performed in the
absence of oxygen and CdCl,. Without being limited to any
particular theory, the use of a Te-rich ratio or Cd-rich ratio
source material in a deposition process conducted without the
intentional inclusion of oxygen or CdCl, may ameliorate
many of the oxygen and chlorine-related treatment effects
described previously herein.

Without being limited to any particular theory, the inclu-
sion of process enhancements such as exposure of the CdTe
material to oxygen and CdCl, during or after deposition may
add complexity to the number and functionality of defects
within the CdTe materials. As produced using existing meth-
ods, vacancy defects such as V, or V., may be present in
sufficient concentration to affect material quality and impact
PV device performance. It may be thermodynamically favor-
able for oxygen to occupy a V, site, thereby limiting the
detrimental effect of the V5, defect by conversion to an O,
defect; however the O, is likely to form a deep-defect com-
plex with acceptor impurities, such as copper, that may also
be included in the source material or intentionally introduced
as an acceptor dopant. The CdCl, treatment may also reduce
V 1. through formation of the so-called “chlorine A-center”
defect complex (i.e., V,—Clg). Finally, depending on the
extent of V-, remaining after the CdCl, treatment, Cu may
form a Cu, substitutional defect that may act as an acceptor.
Unfortunately, the ionization energy of the Cu., defect is
greater than the V ., defects it may replace, with the result that
the net acceptor density at room temperature may actually
decrease as Cu is incorporated.

The CdTe polycrystalline material may be grown on the
substrate using any method known in the art, including but not
limited to, cathodic arc deposition, electron beam physical
vapor deposition (PVD), evaporative deposition, pulsed laser
deposition, sputter deposition, close-space sublimation
(CSS), vapor transport deposition (VID), electrodeposition,
electroless deposition, metal organic chemical vapor deposi-
tion, spray deposition, application of nanostructures, and
screen print deposition.

In one aspect, the deposition process may be physical
vapor deposition. The basis for physical vapor deposition of
CdTe is the condensation of Cd and Te, vapors: Cd+'2Te,
«> CdTe. As a consequence, CdTe may be deposited by
coevaporation from elemental sources, by direct sublimation
from a CdTe source or by vapor transport using a carrier gas
to entrain and may deliver Cd and Te, vapors from either
elemental or CdTe sources. In an aspect, congruent sublima-
tion of the CdTe compound may fix the g-asphase composi-
tion for deposition from a CdTe source, and the relatively low
vapor pressure of CdTe compared to elemental Cd and Te may
facilitate the deposition of single-phase solid films over a
wide range of substrate temperatures.

The PVD may be conducted at a moderate vacuum pres-
sure of about 107 Torr, with a CdTe source effusion cell with
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about 0.5-cm-diameter orifice and a temperature of about
800° C., at a source to substrate distance of about 20 cm. A
deposition rate of about 1 lam/min may be obtained on a
substrate at a sufficiently low temperature (about 100° C.) for
Cd and Te sticking coefficients to approach unity. At higher
substrate temperatures, the sticking coefficients of impinging
Cd and Te may decrease, resulting in a lower deposition rate,
which may impose a practical limit to substrate temperature
of less than about 400° C. for modest CdTe utilization. In
another aspect, as-deposited films may exhibit preferred ori-
entation and normal grain-size distribution with a mean grain
diameter that may depend on film thickness and substrate
temperature; for about 2-um-thick films, the mean grain
diameter may range from about 100 nm at about 100° C. to
about 1 um at about 350° C.

Using the CSS technology, CdTe may be deposited with a
very high deposition rate. In an aspect, the close space dis-
tance may be generally smaller than a few percent of the
substrate dimensions. In order to ensure that the condensation
process may be limited to the small distance area between
substrate and source material and that the desired tempera-
ture-depending dissociation pressure may be obtained, pres-
sure and temperature of source material and substrate may be
sensitively adapted to each other.

To evaporate CdTe films onto substrates at temperatures
above 400° C., reevaporation of Cd and Te from the growing
CdTe surface may limit the deposition rate and utilization. In
an aspect, this may be mitigated by depositing at higher total
pressure, about 1 Torr, but mass transfer from the source to the
substrate may become diffusion-limited, so the source and
substrate may be brought into close proximity. In an aspect,
CdTemay be deposited by CSS at a temperature of about 450°
C. to about 620° C.

In CSS deposition processes, the CdTe source material
may be supported in a holder having approximately the same
area as the substrate; the source holder and substrate cover
may serve as susceptors for radiative heating and may con-
duct heat to the CdTe source and the substrate, respectively. In
another aspect, an insulating spacer may allow thermal iso-
lation of the source from the substrate, so that a temperature
differential may be sustained throughout the duration of the
deposition. The ambient air for deposition may contain, but is
not limited to, a nonreactive gas such as N,, Ar, or He. In
another aspect, as-deposited CSS films deposited above 550°
C. may exhibit nearly random orientation and normal grain
size distribution with mean grain size that may be comparable
to film thickness.

In yet another aspect, the deposition process may be vapor
transport deposition (VID). VID may allow a high-rate of
deposition at high substrate temperatures and at pressures
approaching about 0.1 atm onto moving substrates. While
CSS is diffusion-limited, VTD works by convective transfer
of a vapor stream saturated with Cd and Te to the substrate,
where supersaturation of the Cd and Te vapors results in
condensation and reaction to form CdTe. In an aspect, the
CdTe source may consist of a heated chamber containing
solid CdTe in which the carrier gas may mix with the Cd and
Te vapors and may be exhausted through a slit over or under
the moving substrate at a distance on the order of about 1 cm.
The geometrical configuration of the source may influence
the uniformity and utilization of the vapors in the carrier gas.
In another aspect, the carrier-gas composition may be varied,
as with CSS, to include, but is not limited to, N,, Ar, and He.
As-deposited VTD films may have nearly random orientation
and normal grain size distribution with mean grain size that
may be comparable to film thickness. The VTD process may
provide a very high deposition rate onto moving substrates.
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In one VTD deposition process, the CdTe source material
may be packed into a 1 in diameter quartz tube that may be
heated by nichrome ribbon wrapped around its exterior. One
end of the packed-bed source may be terminated by a porous
quartz frit, while helium carrier gas may be introduced at the
other end. Saturated vapor may excite the quartz frit and may
impinge on a heated substrate located a distance away in the
stagnation flow configuration. The helium flow rate may be
varied from about 100 to about 500 sccm using an electronic
mass flow controller. The temperature of both source and
substrate may be measured with type K thermocouples and
maintained at desired values using resistive heating and feed-
back control. The source and substrate pressure may be moni-
tored using convection gauges.

CdTe films may also be deposited by radio-frequency mag-
netron sputtering from compound targets. In an aspect, mass
transfer of Cd and Te may occur via ablation of the CdTe
target by Ar*, followed by diffusion to the substrate and
condensation. Typically, deposition may be carried out at a
substrate temperature less than about 300° C. and at pressures
about 10 mTorr. In another aspect, as-deposited films about
2-um-thick deposited at about 200° C. may exhibit mean
grain diameter about 300 nm and may have nearly random
orientation.

In another additional aspect, the deposition method may be
electrodeposition. Electrodeposition of CdTe consists of the
galvanic reduction of Cd and Te from Cd** and HTeO,* ions
in acidic aqueous electrolyte. The large difference in reduc-
tion potential may necessitate limiting the concentration of
the more positive species, Te, to maintain stoichiometry in the
deposit. The low Te species concentration (10~* M) may limit
the CdTe growth rate due to Te depletion in the solution at the
growing surface and subsequent mass transport. To overcome
this, the electrolyte may be vigorously stirred, and different
methods of Te replenishment may be employed. Thickness
and deposition area may be limited by the ability to maintain
deposition potential over the entire surface of the growing
film. In an aspect, as-deposited films may be fabricated as
stoichiometric CdTe, Te-rich (by increasing Te species con-
centration in the bath) or Cd rich (by depositing at low poten-
tials with limited Te species concentration). In another aspect,
as-deposited electrodeposited CdTe films on CdS thin-film
substrates may exhibit strong orientation with columnar
grains that may have a mean lateral diameter of about 100 to
about 200 nm.

In still another aspect, the deposition method may be spray
deposition. Spray deposition is a nonvacuum technique for
depositing CdTe from a slurry containing CdTe and a carrier
which may include, but is not limited to, propylene glycol.
The slurry may be sprayed onto unheated or heated sub-
strates, after which a reaction/recrystallization treatment may
be performed. In an aspect of spray deposition to CdTe films,
the mixture may be sprayed onto the substrates at room tem-
perature and baked at about 200° C., followed by a bake at
about 350 to about 550° C., a mechanical densification step,
and a final treatment at about 550° C. Films produced by this
technique may vary in morphology, grain size, and porosity,
but films used to make high-efficiency cells may exhibit an
about 1- to about 2-um-thick dense region near the CdTe/CdS
interface, a relatively porous back surface region, and random
crystallographic orientation.

In another aspect, the deposition method may be screen-
print deposition. Screen-print deposition may combine Cd,
Te, and a suitable binder into a paste that may be applied to the
substrate through a screen. Following a drying step to remove
binder solvents, the layer may be baked at temperatures up to
about 700° C. to recrystallize the film and activate the junc-
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tion. Films fabricated by this method typically may have a
thickness ranging from about 10 to about 20 um with lateral
grain dimension of about 5 um and random orientation.

e. Addition of Excess Cd or Te to Device

In an aspect, Te, Cd, a Te-containing material, or a Cd-
containing material may be added to an exposed surface of the
post-deposited CdTe layer. This aspect may include deposit-
ing a doped or undoped contact interface layer that may
contain Te, Cd, excess Cd, or excess Te and providing thermal
treatment designed to enable Te or Cd diffusion into the CdTe
layer. Non-limiting examples of contact interface layers
include ZnTe, ZnTe:Cu, Te, CuTe, or any other contact layer
known in the art.

In another aspect, a Te, Cd, Cd-containing, or Te-contain-
ing layer may be added within the structure. The Te, Cd,
Cd-containing, or Te-containing layer may be at an interface
between layers of different or similar materials, for example,
CdS/Te/CdTe, ZnTe/Te/ZnTe:Cu, Cdle/Te/CdTe, or any
other layer that may be used in the PV device.

II. Methods of Forming Ohmic Contacts on Polycrystalline
CdTe Layers in Semiconductor Devices

It has been historically difficult to fabricate a reproducible,
low-resistance, ohmic back contact to the polycrystalline
CdTe layer typically used for superstrate CdS/CdTe photo-
voltaic (PV) devices. This may be partly because a potential
barrier forms at the interface between p-type CdTe and con-
tact metals, thereby limiting current transport. In addition, the
process of forming ohmic contacts further needs to modify
the CdTe layer so that the energy due to light absorption may
be optimally collected. These modifications may include
increasing the p- or n-type doping so that the PV device may
support the electric field required for effective charge sepa-
ration, and may increase the minority carrier lifetime so that
minority carriers may survive long enough to be separated
and collected before recombining. Existing CdTe back con-
tact formation process must accomplish these multiple func-
tions simultaneously.

The electrical performance of the back contact polycrys-
talline CdTe material may be influenced by the presence of
various intrinsic defects. The defects most often discussed are
Cd and Te vacancies (V- and V; i.e., resulting from not
enough Cd or Te, respectively), Cd and Te interstitials (i.e.,
resulting from too much Cd or Te, respectively), and antisite
defects (Cd on a Te site and vise-versa).

In an aspect, the method for depositing polycrystalline
CdTe layers on a substrate may produce a Cd'Te material that
simultaneously reduces these various intrinsic defects,
increases net acceptor density to a range ofabout 1x10**cm™>
to about 1x10%° cm™3, and increases the minority carrier life-
time to at least 10 ns. Because all of the performance-limiting
material properties of the CdTe layer have already been
addressed, the process of forming an ohmic contact may be
significantly simplified.

In one aspect, the method of forming an ohmic contact on
an exposed surface of a polycrystalline CdTe layer includes
depositing the polycrystalline CdTe layer and at least one
additional element incorporated into a crystalline lattice of
the polycrystalline CdTe onto a substrate using the methods
described previously herein above. Ifthe net acceptor density
or the net donor density of the CdTe layer as deposited is
greater than about 1x10'® cm™, low contact resistance may
result if an appropriate metal layer is deposited directly on the
exposed CdTe surface.

In another aspect, the exposed surface of the CdTe layer
may be subjected to a preconditioning process to produce a
pre-conditioned exposed surface that includes either a Te-rich
stoichiometry or a Cd-rich stoichiometry. Non-limiting
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examples of suitable preconditioning processes include: etch-
ing the exposed surface using an etching process chosen
from: chemical etching process, a physical etching process, a
thermal etching process and any combination thereof; con-
tacting the exposed surface to a vapor that includes Cd, Te,
and any combination thereof; and depositing Cd or Te onto
the exposed surface to form a layer of pure Cd or pure Te on
top of the exposed CdTe surface.

Any known etching process may be selected as the precon-
ditioning process. Non-limiting examples of chemical etch-
ing processes include etching the exposed CdTe surface with
an etchant chosen from HNO,, H;PO,, hydrazine, a metal
alkalide, and any combination thereof. Non-limiting
examples of physical etching processes include plasma etch-
ing, reactive ion etching, and ion implantation. Non-limiting
examples of thermal etching processes include annealing,
rapid thermal processing, optical processing, and any combi-
nation thereof.

The exposed CdTe surface may be exposed to a vapor of Cd
and/or Te using any known method, including but not limited
to the vapor transport deposition (VTD) method described
herein above. A layer of pure Cd or Te may be deposited onto
the exposed CdTe surface using any of the deposition pro-
cesses described herein above, using a source material con-
sisting of or containing either Cd or Te.

The preconditioned CdTe surface includes a Cd-rich or a
Te-rich stoichiometry similar to the non-stoichiometric com-
position of the polycrystalline CdTe material produced by the
methods described herein previously. As described previ-
ously herein above, this Cd-rich or a Te-rich stoichiometry of
the preconditioned CdTe surface may result in a lattice struc-
ture that is energetically receptive for the incorporation of
additional elements including, but not limited to atoms from
the metal layer. In addition, the preconditioning process may
eliminate any contaminants including, but not limited to oxy-
gen and nitrogen, that may have been incorporated into the
CdTe material due to exposure to air between phases of the
fabrication process.

In another aspect, an interface layer may be deposited on
the exposed CdTe surface prior to depositing the metal layer
on the interface layer. The interface layer may include a
highly doped ZnTe material containing at least one dopant
chosen from any of the acceptor impurities/dopants and any
of the donor acceptors/dopants described herein above in
connection with the CdTe dopants. Non-limiting examples of
specific dopants include Cu, N, Au, Ag, P, and As. In an
additional aspect, a first interface layer of intrinsic ZnTe may
be deposited upon the exposed surface of the CdTe layer,
followed by a second interface layer of a metal alloy depos-
ited upon the first interface layer, followed by the metal layer
deposited upon the second interface layer.

In an aspect, the metal alloy may include a first element
chosen from Column 1A or Column 1B and a second element
chosen from Column 5A or Column 5B. In another aspect, the
metal alloy may be TiP. In an additional aspect, the metal
layer may include at least one layer of one or more metals
chosen from Mo, Ti, Ni, Al, Nb, W, Cr, and Cu.

The selected compositions for one or more metal alloys,
metal layers, and interface layer or layers may be selected
based on any relevant factor known in the art, including but
not limited to: the reduction of resistance across the CdTe/
contact junction; facilitating quantum mechanical tunneling
of charges across the CdTe/contact junction; enhancing the
adhesion of the metal layer and interface layers to their
respective underlying surfaces; and protection against expo-
sure to environmental contaminants such as oxygen or nitro-
gen. Significantly, when high net acceptor or donor concen-
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tration in the CdTe layer can be achieved, a wider range of
ohmic junction materials may be considered relative to pre-
vious ohmic contact fabrication methods.

In general, the various aspects of this method may be used
to fabricate an ohmic contact on either a p-CdTe material or an
n-CdTe material.

EXAMPLES

The following examples illustrate various aspects of the
present disclosure.

Example 1

Effect of Te-Enriched and Cd-Enriched
Stoichiometry on Performance Characteristics of
Polycrystalline CdTe Solar Cells

To demonstrate the effect of the composition of the CdTe
source materials used to produce thin polycrystalline CdTe on
the characteristics of the solar cells incorporating these thin
polycrystalline layers, the following experiments were con-
ducted. CdS/CdTe solar cells were fabricated that included
CdTe films deposited by close-spaced sublimation (CSS)
using four source material compositions as described in Table
1 below: a Cd-rich source material (Redlen Technologies,
B.C., Canada), a stoichiometric source material (Redlen
Technologies, B.C., Canada), a Te-rich source material
(Redlen Technologies, B.C., Canada), and an industrial-grade
99.999% pure source material commonly used in CdTe depo-
sition processes (product number 14365; Alfa-Alsar, Ward
Hill, Mass., USA).

TABLE 1

Source Materials for CSS Deposition of Polycrystalline CdTe
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water (commonly referred to as a NP etch) for about 20
seconds. An ohmic contact was formed on the etched CdTe
surface by applying a (Cu, ,Te+HgTe+graphite) back contact
dag with annealing at 260° C. for 20 minutes in helium,
followed by a final application of Ag-paste with a final air
anneal at 100° C. for 60 minutes.

The open-circuit voltage (V,,.), short-circuit current den-
sity T, (mA/cm?), fill factor FF (%), and efficiency 1 (%) of
the solar cells as a function of the source materials shown in
Table 1 were assessed using standard measurement tech-
niques; the results of these measurements are summarized in
Table 2. In general, the performance characteristics of the
solar cells produced using the Te-rich, stoichiometric, and
Cd-rich source materials were enhanced relative to the indus-
trial grade source material. Most likely, the industrial-grade
source material was of lower purity than the other source
materials, which impacted the performance of the industrial-
grade solar cells. Comparing the solar cells produced using
the other three source materials, the solar cell performance
characteristics of the solar cells produced using the Cd-rich
source material were highest, followed by the solar cells
produced using the stoichiometric source material, and then
the solar cells produced using the Te-rich source material.

TABLE 2
Performance Characteristics of Solar Cells - Effect of CdTe
Source Material
CdTe layer
Source thickness Voo FF  Efficiency
Material (um) (volts) T, (mA/em?) (%) (%)
Te-rich 6.9 0.807 22.42 65.69 11.87
Stoichiometric 8.4 0.809 22.50 66.44 12.10
Cd-rich 8.3 0.818 22.59 66.70 12.33
Industrial-grade 7.2 0.802 22.14 66.18 11.93
(control)

Source Material Cd:Te Atomic Ratio

Cd-rich 50.002/49.998
Stoichiometric 50.0/50.0
Te-rich 49.998/50.002
Industrial-grade Not available
(control)

The Cd-rich, stoichiometric, and Te-rich source materials
were analyzed using glow discharge mass spectrometry
(GDMS) to identity trace impurities. In particular, the levels
of trace impurities consisting of common elements which
might act as either acceptors (Group I(a), II(b), VI(a), and
VI(b)) or donors (Group 111(a), I1I(b), VII(a), VII(b)) in CdTe
were detected. Although trace impurities were detected in all
three source materials at levels of approximately 10*3/cm? to
over 10*%cm?, the level of each detected impurity was con-
sistent among all three source material compositions tested.

CdS/CdTe solar cells were fabricated using each of the four
CdTe source materials summarized in Table 1 using a stan-
dard fabrication procedure. An 80-nm CdS film was grown by
chemical-bath deposition (CBD) on a bi-layer SnO,/glass
substrate. The polycrystalline CdTe film was deposited by
CSS using a source temperature of 660° C., a substrate tem-
perature of 620° C., a deposition time of 4 minutes, and an
ambient atmosphere consisting of 1 torr of oxygen and 15 torr
of helium. After the deposition of the CdTe layer, the film
stack was treated in CdCl, vapor+100 torr of oxygen and 400
torr of helium for 4 minutes at 400° C. The exposed surface of
the CdTe layer was etched prior to forming the ohmic contact
using a mixture of nitric and phosphoric acids diluted with

40

45

50

55

60

65

In addition, the solar cells were subjected to capacitance-
voltage measurements to assess the net acceptor-density, N,
and depletion width, W, of the devices. As summarized in
FIG. 3, the highest net acceptor-density was observed in the
solar cell fabricated from the Te-rich source material. How-
ever, the solar cell fabricated from the Te-rich source material
also had the lowest depletion width W ;. Although the perfor-
mance of the Te-rich solar cell may have been enhanced by
the higher net acceptor density, the associated reduction in
depletion width more than offset this advantage. As evi-
denced by the overall efficiency of the solar cells summarized
in Table 2, the Cd-rich solar cell may have struck the best
balance between enhanced acceptor density and reduced
depletion width among the group of solar cells in this experi-
ment.

The results of this experiment demonstrated that the per-
formance of a thin-film polycrystalline CdTe solar cell may
be sensitive to the composition of the source material used to
produce the polycrystalline CdTe layer.

Example 2

Effect of Te-Enriched and Cd-Enriched
Stoichiometry on Characteristics of
Phosphorus-Doped Polycrystalline CdTe
Photovoltaic Devices

To demonstrate the effect of the composition of the CdTe
source materials used to produce thin polycrystalline phos-
phorus-doped CdTe on the characteristics of the solar cells
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incorporating these thin polycrystalline layers, the following
experiments were conducted. CdS/CdTe:P solar cells were
fabricated that included CdTe films deposited by close-
spaced sublimation (CSS) using three source material com-
positions as described in Table 3 below: “P, Cd-rich,” indicat-
ing P doping to a GDMS measured level of 1x10'® cm™>
within a composition containing 40 ppm excess Cd; and “P,
Te-rich,” indicating P doping to an estimated level of 1x10*°
cm™> within a composition containing 100 ppm excess Te. In
addition, the undoped, industrial-grade CdTe source material
described in Example 1 was used as a control case. Solar cells
were produced using these three source materials using pro-
cesses similar to those described in Example 1. However,
because phosphorus is thought to be potentially reactive with
oxygen during this process, solar cells were produced both
with oxygen (100 torr of oxygen and 400 torr He) and without
oxygen (500 torr He only).

TABLE 3

Source Materials for CSS Deposition of Polycrystalline CdTe:P

Phosphorus
Source Material Cd:Te Atomic Ratio Doping Level (cm™>)
P, Cd-rich 50.002/49.998 1x10'8
P, Te-rich 49.995/50.005 1x10%
Industrial-grade, Unknown 0
undoped

The performance characteristics ofthe solar cells produced
using the three source materials were assessed using methods
similar to those described in Example 1. A summary of the
comparisons of open-circuit voltage (V ), short-circuit cur-
rent density (mA/cm?), fill factor FF (%), and efficiency ) (%)
of'the solar cells is provided in FIGS. 5-8, respectively. Also
illustrated in FIGS. 5-8 are the results of a statistical analysis
of variance (ANOVA) among the datasets; the upper and
lower extent of the diamonds in these figures represent the
95% confidence intervals for each device’s sample popula-
tion mean.

As summarized in FIG. 5 and FIG. 6, the solar cell pro-
duced using the Cd-enriched and P-doped source material
exhibited statistically significant enhanced performance with
respectto V. and efficiency. This was likely due to the incor-
poration of the phosphorus into the CdTe lattice as a P,
substitution; the Cd enrichment of the source material likely
made this substitution energetically favorable relative to other
incorporations such as interstitial P,.

The results of this experiment demonstrated that the per-
formance of polycrystalline CdTe:P solar cells may be influ-
enced by the composition of the source material used to
produce the polycrystalline CdTe:P layer.

Example 3

Effect of Te-Enriched Ohmic Contact Interface
Stoichiometry on Characteristics of CdTe
Photovoltaic Devices

To demonstrate the effect of the composition of the CdTe
interface with the ohmic contact on the performance of a solar
cell incorporating a thin polycrystalline CdTe layer, the fol-
lowing experiment was conducted. A general process as
described below was used to produce solar cells having the
following structure: glass/SnO,:F/Sn0O,/CdS:0/CdTe/ZnTe:
Cu/Ti. Chemical vapor deposition (CVD) was used to deposit
the TCO layers by reaction of tetramethyl tin+oxygen+bro-
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motrifluromethane for the SnO,:F layer, and by reaction of
tetramethyl tin+oxygen for the SnO, layer. The CdS:O layer
was deposited by chemical bath deposition. The polycrystal-
line CdTe layer was deposited by close-space sublimation
(CSS) at 600° C. followed by a treatment in CdCl, vapor at
400° C. for 5 min. Two different pre-conditioning treatments
were applied to the exposed CdTe layer prior to the formation
of the ohmic back contacts.

In the first treatment, the layered material including the
CdTe exposed surface was placed into a multisource vacuum-
processing chamber and preheated for 120 min to a contact-
deposition temperature of 340° C. Prior to ZnTe:Cu deposi-
tion, approximately 100 nm of material was removed using Ar
ion-beam milling with a 3-cm Kaufman-type ion gun, oper-
ating at a beam energy and current of 500 eV and 6 mA,
respectively. ZnTe:Cu layers (2 wt. % Cu) were deposited by
r.f. sputtering to a thickness of 0.4 um followed by the for-
mation of a 0.5-um Ti layer deposited using d.c. magnetron
sputtering. The contacted samples were allowed to cool in the
vacuum chamber for at least 2 hrs after Ti deposition.

In the second treatment, the layered material including the
CdTe exposed surface was exposed to Te as the sample tem-
perature was raised to 340° C. in the multisource vacuum-
processing chamber in order to add a small amount of Te to
the exposed CdTe surface. The ZnTe:Cu and Ti layers were
formed over the preconditioned CdTe surface in a manner
similar to that used in the first treatment.

Following the two contact formation processes, a pattern of
individual 0.25-cm? cells was defined photolithographically
on all samples. TFT Ti Etchant (Transene Co. Inc., Rowley,
Mass.) was used to remove the Ti layer, followed by etching
with an aqueous solution of 39% FeCl, to remove the ZnTe:
Cu and CdTe layers. A perimeter contact onto the SnO, layer
was formed with soldered indium.

The resulting solar cells were subjected to performance
measurements using a variety of methods: light/dark current
voltage (LIV/DIV) measurements, capacitance voltage mea-
surements at 100 kHz, (CV), room-temperature spectro-
scopic photoluminescence (RTPL), low temperature spectro-
scopic  photoluminescence  (LTPL),  time-resolved
photoluminescence (TRPL), and secondary ion mass spec-
trometry (SIMS) measurements.

The results of the LIV measurements indicated a dramatic
reduction in LIV efficiency due to Te exposure during pre-
conditioning of the CdTe surface. When the back surface of
the devices was exposed to Te in the second treatment, the
LIV efficiency dropped to ~1%, compared to the efficiency of
about 14% achieved using the first surface treatment, as illus-
trated in FIG. 9. This reduction in LIV efficiency due to Te
exposure was attenuated as the residual Te remaining in the
multisource vacuum-processing chamber was gradually
cleared during the fabrication of subsequent devices.

The results of the dark CV measurements indicated a sig-
nificant increase in the depletion width of the device due to
exposure to Te during preconditioning of the CdTe surface.
This increase in depletion width was relatively insensitive to
device bias, indicating that the net acceptor density was
reduced due to Te exposure. FIG. 10 summarizes the results of
the dark CV measurements for varying levels of Te exposure
during CdTe surface preconditioning. As the exposure of the
CdTe surface to Te decreased during subsequent depositions
in the multisource vacuum-processing chamber, the depletion
width narrowed until the devices formed with minimal Te
exposure during CdTe surface preconditioning demonstrated
a CV profile consistent with the higher efficiency devices
formed using the first treatment.
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The results of the TRPL measurements indicated a signifi-
cant reduction in the minority carrier lifetime due to exposure
to Te during preconditioning of the CdTe surface, as summa-
rized in Table 4. The TRPL measurements (not shown) indi-
cated that the TRPL decay rate is biexponential, with a fast
(t,) and slower (t,) regime. As summarized in Table 4, both
decay rates decreased as a result of Te exposure during sur-
face preconditioning. Because the decay rates obtained using
TRPL measurements are proportional to minority carrier life-
times within the materials, the minority carrier lifetime within
the solar cell was reduced due to exposure to Te during sur-
face preconditioning.

TABLE 4

Effect of Te Surface Preconditioning on TRPL Decay Rates
of CdS/CdTe Solar Cells

Pre-

conditioning

Treatment T; (ns) T, (ns)
Full Te 0.496 1.674
Exposure

Partial Te 0.549 2.144
Exposure

No Te Exposure 0.694 2.955

The results of the LTPL analysis indicate significant
changes to the composition of the CdTe layer due to Te
surface preconditioning, as summarized in FIG. 11. The spec-
tra illustrated in FIG. 11 show a peak centered at ~1.520 eV
that was significantly reduced in intensity in the absence of Te
exposure. The peaks in this spectral region were likely influ-
enced by luminescence from the CdS Te_, alloy regionofthe
device. In addition, a broad spectral peak centered at about 1.4
eV becomes more pronounced as Te exposure is reduced.
Broad peaks in the 1.4 eV region have been observed previ-
ously with high-performance CdS/CdTe devices contacted
with a ZnTe:Cu interface layer, and are believed to be asso-
ciated with the formation of a defect pair that includes of a
copper interstitial and a substitutional O on a Te site (Cu,+
O,); luminescence in the 1.4 eV region may also be associ-
ated with Cu coordinating beneficially within the junction
region. Subsequent SIMS analysis (not shown) indicated that
the all solar cells contained comparable Cu concentrations,
independent of Te exposure during CdTe surface precondi-
tioning.

The results of this experiment demonstrated that the modi-
fication of the exposed CdTe layer prior to the formation of
the ohmic contact may have unexpected effects on the effi-
ciency of the resulting CdTe thin film solar cell. The compo-
sition of the underlying CdTe layer may contribute substan-
tially to the efficiency of the solar cell, and not all ohmic
contact configurations may be compatible with all CdTe poly-
crystalline compositions, regardless of the surface precondi-
tioning of the CdTe layer.

While a number of exemplary aspects and embodiments
have been discussed above, those of skill in the art will rec-
ognize certain modifications, permutations, additions and sub
combinations thereof. It is therefore intended that the follow-
ing appended claims and claims hereafter introduced are
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interpreted to include all such modifications, permutations,
additions and sub-combinations as are within their true spirit
and scope.

What is claimed is:

1. A method of depositing a layer of a material comprising
polycrystalline CdTe onto a substrate, the method compris-
ing:

providing to a deposition process a source material com-

prising an amount of Cd and an amount of Te to form the
polycrystalline CdTe having a non-stoichiometric ratio,
wherein:

the non-stoichiometric ratio consists of either:

a Cd-rich ratio having a larger atomic percentage of Cd
relative to the atomic percentage of Te; or

a Te-rich ratio having a larger atomic percentage of Te
relative to the atomic percentage of Cd.

2. The method of claim 1, wherein the source material
comprises any one or more of: a solid source of Te; a vapor
source of Te; a solid source of Cd; a vapor source of Cd; and
a solid CdTe source material that yields the amount of Te and
the amount of Cd.

3. The method of claim 2, wherein an additional amount of
Te or Cd is provided during a thermal treatment of the mate-
rial after deposition process.

4. The method of claim 3, wherein the additional amount of
Te or Cd is sufficient to form an additional layer of a second
material consisting essentially of Te or Cd.

5. The method of claim 1, wherein the Cd is delivered from
the source material to the substrate at an atomic percentage of
Cd up to about 10 times the atomic percentage of the Te.

6. The method of claim 1, wherein the Te is delivered from
the source material to the substrate at an atomic percentage of
Te up to about 10 times the atomic percentage of the Cd.

7. The method of claim 1, wherein the material has a
minority carrier lifetime of at least 10 ns.

8. The method of claim 1, wherein the deposition process is
chosen from:

physical vapor deposition, close-space sublimation, vapor

transport deposition, sputter deposition, electrodeposi-
tion, electroless deposition, metal organic chemical
vapor deposition, spray deposition, screen print deposi-
tion, application of nanostructures, and any combination
thereof.

9. The method of claim 8, wherein the deposition process is
chosen from:

physical vapor deposition, close-space sublimation, vapor

transport deposition, and any combination thereof.

10. The method of claim 9, wherein the deposition process
is conducted at essentially vacuum pressure and at a tempera-
ture ranging from about 250° C. to about 700° C.

11. The method of claim 1, wherein the substrate comprises
a CdS material.

12. The method of claim 1, wherein the source material is
a solid crystalline CdTe source material that has the non-
stoichiometric ratio.

13. The method of claim 1, wherein the non-stoichiometric
ratio consists of the Cd-rich ratio.

14. The method of claim 1, wherein the non-stoichiometric
ratio consists of the Te-rich ratio.
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